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(57) Abstract: There is disclosed an 
electromechanical actuator comprising 
an inherently conducting polymer and a 
conductor for conducing voltage along 
the polymer from a first end region of 
the polymer to an opposite end region 
thereof. The conductor is adapted 
for axially extending and contracting 
with axial expansion and contraction 
of the polymer. In a preferred form, 
the conductor is in the form of a 
helix embedded in the polymer and 
extends along substantially the entire 
length of the polymer. There is also 
disclosed a method for manufacture of 
the electromechanical actuator. 
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An Electromechanical Actuator And Methods Of Providing Same 

Field of the Invention 

The present invention relates to an electromechanical actuator of the type utilising 
a conducting polytner for effecting a desired action miih change(s) in the volume of the 
5 polymer in response to an applied potential. The electromechanical actuator finds 
application in numerous fields of technology. There is also provided a method of 
providing the electromechanical actuator. 
Background of the Invention 

Electromechanical actuators based on conducting polymers are known in the art 

10 and fmd use as artificial muscles as well as in a myriad of other applications. Operation 
of such actuators is achieved by redox processes. The actuators may be arranged for 
providing a bending motion or a uniaxial force. 

The bendmg or axial force is achieved as a result of volume changes in the 
conducting polymer upon application of a potential to the polymer. More particularly, 

15 the volume changes occxu- as a result of the injection or expulsion of counter ions into or 
from the polymer during these processes. For mstance, upon electrochemically 
oxidising a neutral conducting polymer fibn by the application of an anodic potential to 
the polymer in an electrolyte, positive charges are generated along the polymer resulting 
in counter ions being forced to enter the polymer from die electrolyte. As a result, ihett 

20 may be a significant increase in the volume of the conducting polymer. During 

reduction with a change in the potential, electrons are injected into the solid eliminating 
the positive charges and forcing the counter ions and solvated molecules to be expelled 
into the electrolyte. The result of this is that the volume of the conducting polymer 
decreases and the polymer returns to its neutral state. By harnessing the changes in 
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volume, the electromechanical actuator can be utilised to achieve the desired action such 

as in the case of an artificial muscle. The expansion and contraction movement of the 

conducting polymer may also be utilised such as for example, for operating a piston in a 

miniatare pump and other mechanical type applications. 
5 However, attempts to improve the efficiency of performance of electromechanical 

actuators can impact on the mechanical and/or electromechanical properties of the 

actuator. It is, therefore, desirable to enhance efficiency of performance while 

minimising any impact on the mechanical and/or electromechanical properties of such 

actuators. 
10 Summarv of the Invention 

It is an aim of the present invention to ameliorate one or more of the problems of 

the prior art or to at least provide a useful alternative. 

In a first aspect of the present invention there is provided an electromechanical 

actuator for effecting a desired action, comprising: 
1 5 a conducting polymer and a conductor for conducting voltage along the polymer 

from one end region of the polymer to an opposite end region of the polymer; 

wherein the conductor is adapted for axially extending and retracting with axial 

expansion and contraction of the polymer, and extends along the polymer from the first 

end region to the opposite end region. 
20 Typically, the conductor will be arranged for extending and ieU:dcting with axial 

expansion and contraction of the polymer. Hence in another aspect of the present 

invention tiiere is provided an electromechanical actuator for effecting a desired action, 

comprising: 

a conducting polymer and a conductor for conducting voltage along the polymer 
23 from one end region of the polymer to an opposite end region of the polymer; 
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wherein the conductor is arranged for axially extending and retracting with 
expansion and contraction of the polymer, and extends along the polymer from the first 
end region to the opposite end region. 

Preferably, the conductor will be wound in a helix along the polymer. However, it 
5 will be understood that the conductor may be anranged in other configurations that allow 
the conductor to axially extend and contract in concert with the polymer. For example^ 
the conductor may be arranged in a concertina pattern along the polymer. 

Accordingly, in another aspect of the present invention there is provided an 
electromechanical actuator for effecting a desired action^ comprismg: 
10 a conducting polymer and a conductor wound in a helix along the polymer for 

conducting voUage from one end region of the polymer to an opposite end region of the 
polymer. 

Typically, the conductor of an actuator of the present invention will extend along a 
majority of the length of the conducting polymer and most preferably, along 
15 substantially the entire length of the conducting polymer. 

Typically, the conductor will be in intimate contact with the conducting polymer 
along substantially the entire length of the polymer. Preferably, the conductor will be 
embedded in the polymer. 

Preferably, the conducting polymer will be in the form of a tube. The tube may 
20 have a cross-section lying in a plane extending substantially peipendicularly to a 
longitudinal axis of the tube of any desired shape. Generally, the shq)6 of the cross- 
section of the tube will be substantially circular. 

Hence, in another aspect of the present invention there is provided an 
electromechanical actuator for effecting a desired action, comprising 
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a tube of conducting polymer having an internal passageway for receiving an 
electrolyte. 

Preferably, the electromechanical actuator will ftulher comprise an electrical 
connector for facilitating electrical connection to the conductor. Typically, the 
5 connector will also be in direct electrical contact with the polymer. Most preferably, an 
electrical connector will be connected to each end region of the conductor, respectively. 

If desired, the further electrical connector may also be in direct electrical contact 
wi& the polymer at a spaced distance from the first mentioned electrical connector. 
An actuator as described above may be ananged within an outer actuator 
10 comprising a tubular conducting layer allowing bundling of the actuators together. 
Accordingly, in another aspect of the present invention there is provided an 
electrochemical actuator for effecting a desired action, comprising: 

an outer actuator comprising a tubular conducting polymer having a hollow 
interior; 

15 an inner actuator comprising a forthcr conducting polymer; and 

an electrolyte in a space defined between the inner actuator and the outer 
acutator; 

wherein the actuator is arranged within the outer actuator and lies along the 
hollow interior of the outer actuator for axial extension or retraction within the outer 
20 actuator. 

In yet another aspect of the present invention there is provided an 
electromechanical actuator for effecting a desired action, conq>rising; 

an outer actuator comprising a tubular conducting polymer having a hollow 
interior; 
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an iimer actuator comprising a further conducting polymer and a conductor for 
conducting voltage along the further polymer from one end region of the further polymer 
to an opposite end re^on of the further polymer; and 

an electrolyte in a space defined between the inner actuator and the outer 
5 actuator; 

wherein the conductor is adapted for axial extension or retraction with expansion 
or contraction of flie further polymer and the inner actuator is arranged v^ithin the outer 
actuator and lies along the hollow interior of the outer actuator for axial extension or 
retraction within the outer actuatot 

10 Preferably, the inner actuator will be arranged within the outer actuator for 

extension or retraction of the further conducting polymer in opposition to axial 
expansion or contraction of flie tubular conducting polymer. 

In another aspect of die present invention there is a method of providmg an 
electromechanical actuator for effecting a desired action, comprising: 

IS arranging a conductor for conducting voltage along a conducting polymer from 

one end region of the polymer to an opposite end region of the polymer and so that the 
conductor ext^ds along the polymer from fhe one end region to flie opposite end region 
for axially extending and contracting with expansion and contraction of the polymer. 
Typically the method will farther comprise embedding the conductor in the 

20 polymer. This may be achieved by coating the conductor with polymer using any 
suitable method known in the art. 

An electrochemical actuator of the invention may for instance be manufactured by 
winding the conductor around a temple to form a helix along the template and 
subsequently coating the template and/or the helix with polymer. Preferably, the 

25 polymer will be coated on the conductor by electrodeposition. 
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Most preferably, the conducting polymer will be electrodeposited onto the 
template and the conductor 

Hence, in another aspect the present invention extends to a method of providing an 
electromechanical actuator for effecting a desired action, comprising: 
S electrodepositing a conducting polymer onto a conductor wound in a helix to foim 
a tube of the polymer in which the helix is embedded. 

In yet another aspect of the present invention there is provided a method of 
providing an electromechanical actuator for effecting a desired action, comprising; 

(a) winding a conductor around a template to fonn a helix along the t6nq)late; 

10 and 

(b) electrodepositing a conducting polymer onto the helix to form a tube of the 
polym^ in which the helix is embedded; 

wheiem the helix is in electrical contact with the tube of polyma for conducting a 
voltage along the tube from one end region of the tube to an opposite end region of the 
15 tube. 

Typically, the conducting polymer will be electrodeposited onto the helix while 
the helix is wound around the template. Preferably^ the method will fhrther comprise the 
steps of: 

(c) removing &e template fipom the helix; 

20 (d) connecting an electrical connector to one or each end region of the conductor 

respectively, for facilitating electrical connection with fh& conductor, and 
(e) securing the conductor to the or each electrical connector. 
Preferably, an electrical connector will be inserted into the one end region of the 
polymer and another said electrical connector into the opposite end region of the 
25 polymer. 
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In yet another aspect (here is provided a method of providing an dectromecbaxiical 
actuator for effecting a desired action, comprising: 

forming a polymer body on a conductor for conducting voltage along the polymer 
body from one end region of the polymer body to an opposite end region of the polymer 
5 body and axially extending and retracting ynih expansion and contraction of the polymer 
body. 

In another aspect of the present invention there is provided an electrochCTiical 
actuator for effecting a desired action, comprising; 

a tube of conducting polymer having a longitudinal passageway for receiving an 
10 electrolyte. 

In still another aspect of the present invration there is a method for providing an 
electrochemical actuator for effecting a desired action, comprising: 

coating a template with a conducting polymer; and 

removing die template to provide a tube of the polymer having a longttudinal 
IS passageway for receiving an electrolyte. 

Generally, one end of the electromechanical actuator of the invention will be 
adq>ted for being secured to a support and an opposite end fbr bemg secured to a load in 
order to effect the desired action. The support and/or the load may be movable by the 
actuator relative to a fixed reference point \xpon actuation of the electromechanical 
20 actuator in use. 

The conducting polymer may be any polymer capable of undergoing a volume 
change and/or change in one or more mechanical properties (eg, stiffiiess) in response to 
redox processes and which is deemed suitable for use in the provision of an 
electromechanical actuator of the type to which the present invention relates. The 
25 polymer may comprise a polymeric material consistmg of a single polymer or a mixture 
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of a number of different polymers. Accordingly, the term "conducting polymer" is to be 
taken to include within its scope a mixture of polymas one or more of which are capable 
of undergoing redox processes. 

The conductor used for conducting voltage along the polymer will typically have 
5 greater conductivity (k) compared to the conducting polymer utilised. The conductor 
may be formed from any material deemed suitable. For example, the conductor may be 
another conducting polymer such as a polyaniline fibre or thread. Prcfo-ably, however, 
the conductor will be a metal such as platinum, gold, silver or other metal with sufiBcient 
flexibility to extend and contract in concert with expansion and contraction of the 
10 conducting polymer. Most preferably, the conductor will be a wire. 

Preferably, the template will also be conductive and most preferably, will be a 
length of metal such as a metal strip, wire or the like. Generally, the template will 
consist of the same material as used for the conductor. 

The electrical connectot(s) may be any short length of conducting metal 
15 Preferably, the or each electrical connector will consist of the same material as used for 
the conductor. 

The conductor will generally be secured to the or each electrical connector by 
wrapping the connector tigjhtly around the connector(s) or by gluing, heat welding or 
other suitable means. Preferably, the conductor will be glued to the connector(s) by a 
20 suitable epoxy resin. 

By forming )he conducting polymer in the shape of a tubq, it has been found that 
improved characteristics of the actuator may be obtained compared to the conducting 
polymer when provided in strip form. In particular, one or more of the electronic, 
mechanical and/or electrochemical properties ofthe actuator may be enhanced While 
25 not bemg bound by theory, it is beheved that a tube configuration has enhanced 
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electrolytic efficiency compared to an actuator in the fonn of a stiip as more of the 
conducting polymer comprising the tube is electrochemically accessible than a 
coxrespondixig strip of the polymer. 

It is further believed the provision of the conductor further enhances electrolytic 
5 efficiency by reducing voltage (iR) drops along the conducting polymer^ enabling longer 
fibres to be used while retaining efficient activation c£q)abiUty. 

Electromechanical actuators of flie present invmtion find use in a broad range of 
applications* For example, an electromechanical actuator may be utilised as an artificial 
muscle in prosthetic or robotic applications, as an actuator in pumps for microfluidic 
10 applications, as an actuator in anti-vibration systems, as an actuator for electronic Braille 
screens, as an actuator in medical devices such as steerable cathetersi and fibres in 
wearable prosthetics such as gloves diat assist in gripping. Accordingly, an 
electromechanical actoator may be woven into a fibre or mesh, or otherwise lie along 
and be secured to fabric or mesh for causing moVCTient of same upon actuation of the 
15 actuator 

Accordingly, in another aspect, there is provided apparatus incorporating an 
electromechanical actuator of the present inventioa The electromechanical actuator will 
typically be provided in a suitable electrolyte. The electrolyte may be a liquid or solid 
electrolyte, and the actuator may be immersed in the electrolyte or otherwise coated with 
20 the electrolyte. 

In yet another a^ect of the present invention there is provided a device 
incorporating an electromechanical actuator for effecting a desired action together with 
an electrolyte, wherein the electromechanical actuator comprises: 

A conducting polymer and a conductor for conducting voltage along the polymer 
25 from one end region of the polymer to an opposite end regicm of the polymer, 
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wherein the conductor is ^apted for axially extending and retracting with 
mansion and contraction of the polymer, and extends along the polymer from the one 
end region to the opposite end region* 

Preferably, the electrolyte will be an ionic liquid electrolyte. Most preferably, ^e 
5 ionic liquid electrolyte will comprise an ionic liquid selected from the group consisting 
of l-ethyl-3-methyl imidazolium bis (trifluoromethanesulfonyl) amide (EMI,TFSA) and 
l-butyl-S-metfaylimidazolium hexafluoiophosphate (MBLPF^). 

Hence, in still anoth^ aspect of the present invention there is provided a device 
incorporating an electromechanical actuator for eifecting a desired action together with 
10 an ionic liquid electrolyte, wherein the electromechanical actuator comprises: 

a conducting polymer and a conductor for conducting voltage along the polymer 
from one end region of the polymer to an opposite end region of Oie polymer; 

wherein the conductor is adapted for axially extending and retracting with 
expansion and contraction of the polymer, and extends along the polymer from the one 
15 end region to the opposite end region. 

Unless the context clearly requires otherwise, throughout the description and the 
claims, the words 'comprise', 'comprising', and the like are to be construed in an 
inclusive sense as opposed to an exclusive or exhaustive sense; that is to say, in the 
sense of ''including, but not limited to". 
20 The features and advantages of the present invention will become ftether 

apparent from the following description of prefeired embodiments of the invention. 
Brief Description of the Acc^^ ^ving Drawing 

Figure 1 is a schematic representation of a electromechanical actuator in tfie form a 
bimorph comprismg a laminate structure formed by electrochemically polymerising 
25 polypyirole (PPy) onto a platinum coated PVDF membrane; 
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Figure 2 is a schematic representation of an axial force electromechanical actuator; 

Figure 3 is a gnqph of electrolytic efficiency against polymer thickness of a fihn of 
polypyzTole on a glassy carbon disc electrode obtained using an applied voltage of -1.0 
V - + 0.50 V with a pulse width of 250 msec; 
5 Figure 4a is a gr^h comparing stress generated by unplatinised and platinised 

polypyrrole iihns; 

Figure 4b is a schematic diagram illustrating the effect of iR (voltage) drop on the 
actuation of polypyrrole film; 

Figure 5 is a partial side view of electromechanical actuators embodied by the 
10 present invention; 

Figure 6 is a schematic representation illxistrating the manu&cture of an 
electromechanical actuator of the present invention; 

Figure 7 is a schematic diagram illustrating a device incorporating an 
electromechanical actuator of the present invention; 
15 Figure 8 is a graph showing charges transported by electromechanical actuators of 

the present invention against pitch of the helix of a conductor of the respective actuators; 

Figure 9 is a cyclic voltammogram obtamed using PPy/FF^ coated platinum 
electrode in polyprop>4ene carbonate (0.25M TBA.PFd). Scan rate =» lOOmV/sec. 

Figure 10 is a cyclic voltammogram obtained using Ppy/PF^ coated platinum 
20 electrode in 1 -butyl-3-methylimidazolium hexaflourophosphate. Scan rate = 1 OOmV/sec. 

Figure 1 1 is a cyclic voltammogram obtained using PPy/PF^ coated platinum 
electrode in 1-ethyhnelhyl imidzolium bis(trifluoiomethanesulfonyl) amide. Scan rate 
lOOmV/sec. 

Figure 12 is aUV-visible spectra of Ppy/PFj deposited galvanostatically (1 
25 mA/cm^ for 3 min) onto ITO coated glass (i) Polymer m the oxidised state, (ii) Oxidised 
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polymer after CV in propylene carbonate (0.25M TBA.PF^) solution for 6 cycles over 
ttie potential range: -1 V to+L55 V. Scan rate = lOQmV/sec; 

Figure 13 illustrates a two electrode cantilever test system for measuring 
electromechanical actuator displac^ent; 
5 Figure 14 is a graph showing strain versus cycle number observed for a polymer 

actuator in propylene carbonate (0.25 M TBAJPF6) and two separate ionic liquids. 

Figure IS is a graph showing strain potential curves for an electtomedianical 
actuator of the present invention following application of a +2.5 V cyclic wave form with 
a scan rate of 5QmV/s; and 
10 Figure 16 is a graph showing strain observed under load for PPy.PF6 in EMI.TFSA 

(IL2) compared to propylene carbonate electrolyte (containing 0.25 M TBA JF^) using a 
triangular wavefomx (+2.5V) appUed at a scan rate of 50mV/s, 

Detailed Description of Preferred Emhnrfiwftn^ s of the hventift n 

Lohercntly conducting polymers (ICPs) such as polypynoles, polythiophenes and 
15 polyanilines (I-m shown below) have attracted considerable attention over the past two 
decades. 




(0 (fl) (m) 

The electronic and ion exchange redox properties of these materials has led to their 
20 use in application areas as diverse as chemical sensors, polymer batteries^ polymer 
containing siqjerwpacitors, membrane separations and artificial muscles. All of these 
applications utihse the chemical or physical changes that accompany the facile redox 
processes occurring at these polymm. 
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Electroxnechanical actuators based on iiiherently conducting polymers can be 
viewed as single electrochemical cells in which the application of a potential creates 
dimensional changes in one or more of the electrode materials. The ability to efficiently 
inject or extract charge ftom the polymer(5) utilised without mechanical degradation of 
5 the system determines the overall actuator performance possible. Hence, the 
electrochemical properties of polymer(s) utilised dictate the level of performance 
obtainable. 

Conducting polymers are oxidised/reduced according to Equations (1) and (2) set 
out below using polypynole as an example: 




+e 




(1) 



10 




(2) 



A' is a dopant anion, X* is a cation firam the supporting elecliolyte. n is an mtegw 
of fix«nl to X and is most usually 3 or 4. The symbol m represents the number of 
repeat units of the polymo- thereby detennming the molecular weight of the polymer. 

For small mobile anions (A") the process described by Eq, 1 predominates whereas 
15 for larger immobile anions (such as polyelectrolytes), processes described by Eq. 2 will 
predominate. In practice, for most anions, a mixtoie of both processes occurs. 
Accompanying anion expulsion (Eq. 1) is a decrease in volume of the conducting 
polymer. Alternatively, if cations are incorporated into the polymer (Eq. 2) during the 
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redox reaction, the volume of the polymer increases^^l These dimensional changes may 
be translated into a bending motion using a bimoiph^^ as illustrated in Fig. 1, or a 
uniaxial force^'^ using an appropriate configuration as for example illustrated in Fig. 2, 
To maximise energy efficiency, the conducting polymer should be 
5 oxidised/reduced at minimal potentials and the process not be limited by kinetic effects. 
However, with all conducting polymers the latter is an inherent limitation since 
movement of ions through the electrolyte and polymer is difRision controlled 

Transitions induced by polymer oxidation/reduction may have an effect on the 
ability of a polymer to actuate^^^ For instance, a polymer becomes more resistive (that 
1 0 is, resistance R increases) with electrochemical reduction making subsequent reduction 
or oxidation more difficult since: 

E=Ee«)p-iR .........(3) 

where B is the potential at the polymer, Bapp is the potential applied by an external 
power source and i is llie current. Change m the electronic properties of the polymer 
15 makes efiBcient charge injection throughout the polymer, especially to the reduced state, 
desirable. 

Chemical properties of a polymer can also change dramatically with properties 
such as hydrophobicity being dependent on the oxidation state^^l This, m turn, 
influences which electrochemical mechanism (Eq. 1 or 2) predominates. For example, if 
20 hydrophobicity of a polymer dramatically increases upon reduction it is easier to extract 
anions firom the polymer than inject highly hydrated cations into the polymer, 

Jn addition, mechanical properties of a polymer can be greatly influenced by the 
potential applied^* and hence, the redox state of the polymer. In this regard, a polymer 
can become significantly more ductile in the reduced state, and such changes in 
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mechanical properties may well influence the efficiency of an electromechanical 
actuator 

The above illustrates that aotoator perfonnance and efficiency are dependent on 

the ability to inject or extract charge ftom the polymer with low energy consumption. 

5 The ease of charge uijection/extraction is reflected in a parameter denoted as electrolytic 

efficiency (EE). The electrolytic efficiency is a measure of the ability to access all the 

available electrochemical sites of a polymer that can contribute to actuation. 

Specifically, the electrolytic efficiency of a system can be defined as: 

Charge passed during oxidation 

10 EBox* xlOO 

Charge for complete oxidation 

Charge passed during reduction 

EEred = XlOO 

15 Charge for complete reduction 

(a) Estimated from charge consumed during growth and assuming n=3 in Eqs. (1) 

and (2). 

The effect of polymer thickness on electrolytic efficiency of a polymer fihn 
20 deposited on a glassy carbon disc electrode (ie. with substantially ideal electrical 

connection) is shown as a function of polymer thickness in Fig. 3. The polymer used in 
this study was polypynole. From the graph, it is clear that only a very thin fihn (< 027 
Hm) gave high electrolytic efficiency* This conrespouds to an electrode contact surface 
area to polymer volume ratio of 3.7 x 1 0* cmVcm\ GeneraUy, however, only free- 
25 standing fihns of a thickness greater than about 4 ^im have adequate mechanical 
properties for actuation. 

While the poIymer(s) and electrolyte used detemiine the maximum perfonnance of 
an electromechanical actuator that can be expected, practical issues such as the 
efficiency of the electrical connection to the actuator may also be a limiting fictor. 
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Improvement in actaation performance may be obtained by platinising a 
conducting polymer film in order to minimise iR (ie voltage) drop efiTects along the 
length of the actuator as indicated in Fig. 4(a) and 4(b). In particular^ an unplatinised 
polymer film was found to produce approximately 0.5 MPa stress during isometric 
S testing. In contrast^ when contraction was induced by electrochemical stimulation^ an 
identical platinised film generated 3MPa stress. 

For most efficient performance an actuator should not only allow efficient 
injection and extraction of charge, but should also desirably enhance or at least not 
interfere with the mecl^cal and electromechanical prppeities of the de^ In the 
10 example illustrated in Fig. 4, although enhanced electrical connection to the polymer 
was obtained, the coating of the polymer with platinum (sputter coating) markedly 
decreased the strength of the polymor film. 

The electrolyte used to facilitate the redox processes plays an imortant role. If 
the original dopant anion (A) shown in the above examples is released during the 
15 reduction process, subsequent ICP oxidation will involve uptake of electrolyte anions. If 
on the other hand the reduction process leads to cation QC^ incoxporation that is^ the 
anion is not expelled dvptmg reduction, then will be taken up fiK>m the electrolyte 
source. 

The electrolyte also plays an in{>ortant role in determining the perfonnance of 
20 ICPs at extreme potratials. In particular, at extrcmo anodic potentials polypyrroles 
undergo irreversible degradation which is attributed to nucleophilic attack on the 
polymer fiom solvrat or electrolyte ions. Breakdown of the solvent or electrolyte can 
also prevent some of the electronic properties of ICPs from being accessed. For 
example, at extreme negative potentials some polytbiophenes can be n-doped^^^ 
25 provided the solvent or electrolyte does not break down before this occurs. 
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Interestingly, the electrolyte can also have a direct impact on the mechanical 
properties of ICPs even after simple immersion before any electrical stimuU are applied. 
Variation in mechanical properties as the oxidation state of the polymer is changed has 
also been found to be electrolyte dependent 
5 Jn some electrochemical systems containing ICPs the use of conventional Hquid 

electrolytes is not practical, with leakage or loss due to evaporation resulting in limited 
working life. Thus^ there is a need for alternative systems. For 6xaDq)le, both 
polyvinylalcohol (containing H3PO4) and polyethylene oxide (containing LiCF3S03) 
plalicised with poly(efliylene) glycol have been evaluated for use in polypynole based 
10 redox sttpercapacitors with specific capacitances in die range 40-84 Fg'^ being obtained. 
These electrolytes have ionic conductivities in the range 10"^ - 10"^ Scm'^ Alternatively, 
polyethylene oxide-based solid polymer electrolytes have been used in polypyrrole 
based batteries^^l 

Actuators of the present invention are illustrated in Fig. S. In particular, the 
IS embodiment illustrated by A comprises a tube of polypyrrole (PPy) alone. The further 
actuators indicated by B, C and D comprise a tube of the polymer incorporating a 
longitudinally extending helix fonned by a conductor comprising platinum wire. While 
platinum is used in the present example, the wire may be made fiom other suitable 
metals. Indeed^ the wire may be formed from conducting materials other than metaL In 
20 the actuators shown, the pitch of the helical wire for raabodiment B is 10 turns cm'^ 
while the pitch for embodiments C and D is 1 5 turns cm"^ and 25 turns cm'^ 
respectively. 

The manufacture the actuator will now be described with reference to Pig. 6. 
Briefly, a conductor comprising a2S [m platinum wire 2 is wrapped aiound a straight 
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125 im platinum wire template to foim a helix therealong. The conductor and template 
wires are then placed in a polymer electrolyte solution and electroplated for 24 hovats at 
-28''C to fonn a tube of polymer around the template wire 4 and conductor wire 2 as 
indicated in step (C), prior to removing the fonned polymer tube from the electrolyte 
5 solution as indicated in step (D), The template wire 4 is then slid from the polymer tube 
6 prior to electrical connectors in the fonn of short inserts 8 and 10 of 125 \m platinum 
wire being inserted mto each end 12 and 14 of the polymer tube as indicated in steps (E) 
and (F). Each end of the connector wire 4 is then wrapped tightly around flie 
corresponding short wire insect 8 or 10, and fixedly glued in position thereon by an 
10 epoxy resin as indicated in step (G). 

If desired, the template wire 4 may be left m position within the longitudinally 
extending interior passageway of the polymer tube rather than removing it as indicated 
above. 

A fiirther embodiment of an dectromechanical actuator of the present invention is 
1 5 illustrated in Figure 7. This device comprise an outer actuator 2 which receives an inner 
actuator 4. The device therefore has a tube in tube configuration. The outer actuator 
comprises a hollow permeable membrane fibre 6 composed of polypropylene or other 
suitable material. The outer actuator is formed by first metalising the permeable 
m^nhrane fibre utilising a suitable metal such as platinum. This may be achieved by 
20 sputter coating the selected metal onto the fibre using conventional sputter coating 
techniques. A layer of conducting polymer 8 (eg polypyrrole) is then clectxodeposited 
on to the metal coating. However, it will be understood that the coating of the polymer 
may be achieved by other methods. For instance, the metalised fibre could be dipped 
mto a suitable molten conducting polymer . The inner actuator 4 corrtprises a tubular 
25 actuator of the type shown in fig, 5 incorporating a helical wire conductor embedded in 
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the wall of the inner actuator. The space 10 between the inner actuator 2 and the outer 
actuator 4 is filled with an ionic liquid electrolyte. 

In use, the device is connected to a power supply such that the inner actuator 
Unctions as the cathode and the outer actuator the anode. Accordingly, when a voltage 
S is applied^ the inner actuator 4 axially expands and tiie outer actuator axially retracts. 
The inner and outer actuators therefore move axially in opposition to one another. The 
arrangement provides enhanced efficiency as the same electrolyte is used for obtaming 
axial movement of bo& actuators. The conducting polymers of the inner and outer 
actuators may be the same or different 
1 0 As will be appreciated, rather than an outer actuator as illustrated in Fig. 7, an 
outer actuator with a helical wire conductor extending along its length of the type shown 
in Fig. 6 maybe used* That is, one or both of flie inner and outer actuators may 
incorporate a helical conductor, respectively. It will also be understood that reversmg 
the direction of actuation of the inner and outer actuators may be achieved by reversing 
15 the polarity of the ^lied potential. Alternatively, the outer actuator may incorporate a 
helical conductor and no the inner actuator. 

Suitable polymers that may be used in an actuator of the present invention include, 
but are not limited to polyaniline, polypyirole and polythiophene, derivatives thereof, 
and mixtures of the foregoing. 
20 Suitable derivatives include alkyl, alkoxy, amine and alcohol derivatives of 
polyaniline, polypyirole, polythiophene. Such derivatives are well known in the art. 
Examples include poly(3-alkylthiophene)s, poly(3-alkylpym>le)$, poly(methoxyamline)s 
and poly(alkyIaniline)s. Specific polymers that may find use in electromechanical 
actuators of the present invention include poly(3,4-ethylenedioxypyirole), poly(3- 
25 heptoxythiophene), poly(3-dodecylfhiophene), poly(2,5-dimethoxyaniline). poly(2,2- 
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bithiopbene) and poly(3»4*ethyIen^oxythiophene) Of particular interest are inherently 
condttcting polymers containing redox groups such as feirocene that introduce additional 
charge (and thereby.expansion) capacity such as for example poly[(3-feirocenylpropyl) 
pyrrole]. Copolymers containing any of the monomers identified above are may also 
S find qsptication in an electromechanical actuator of tiie present invention, 

hi addition, blends of polymer syst^ns may also be utilised. Blends of polymers 
may be obtained by mixing inherently conducting polymers with polyvinyl alcohol, 
polymethacrylate, poly(butylacrylate-vinyl acetate), polyurethane or polyester. Such 
blends may be used to improve the mechanical properties of the overall material and 

10 provide more processing options. Inherently conducting polymers containing selected 
additive components such as metallic fibres particles or carbon nanotubules to improve 
strength and/or conductivity may also be utilised 

A range of dopants (A") may also be incorporated into the conductmg polymers . 
such dopants are well known in the art. Ofparticular interest are those dopants that 

15 increase mechanical strength of the polymer such as sulphated poly(p-hydroxy ether) 
when used in polythiophenes and dopants incorporating redox ffovps such as poly(I- 
vinyl f6zrocene-2-$ulfonate) which may improve performance of the actuator. 

While the conducting polymer may be electrodeposited onto the conductor of an 
actuator of the invention, the coating of the polymer may be achieved by any oflier 

20 suitable method. For instance, as indicated above, the conductor may be coated with the 
polymer by dipping Oie conductor into molten polymer. Alternatively, soluble polymers 
may be cast around the conductor and polymers that melt may be extruded around the 
template and conductor. 

Desired characteristics of an electrolyte for use in electromechanical actuators 

25 include adequate conductivity, mechanical properties, adhesion during flexing and 
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mechnical/electrical stability, easily piocessible and that the electrolyte be able to 
function in air. An electrolyte may for instance be contained in a porous membrane or a 
gel such as a polyacrylamide gel. Suitable electrolyte systems are also conventionally 
kaown in the ait and any appropriate electrolyte may be utilised For example, 
5 polyethylene glycol containing LiC I O4 has been used in the past as a solid polymer 
electrolyte for polypyrrole based microactuatois^^l The use of polyacrylonitEile or 
Kynar based non-aqueous electrolytes and water based polyacrylamide hydrogel ion 
souice/sinks containing various perchlorate salts have also been investigated for their 
^plicability in polypyrrole based actuators^^^. Those studies indicated that the optimum 
10 electrolyte for use with polypyrrole based actuators was a polyacrylonitrile plasticised 
with propylene carbonate and ethylene carbonate containing 1 .OM KaC104. 

Further examples of electrolytes that may be used include single salt electrolytes 
such as sodium chloride solutions and salt containmg buffer5.The salt concentration is 
typically in a range of fiom 0.1 to 1.0 M. Buffers that may be utilised include 0.1 to 1.0 
IS M phosphate and acetate buffers. 

Organic electrolytes such as acetonitrile or polypropylene carbonate containing 
salts such as tetraeth)d ammonium hexafluorophosphate in a concentration typically in a 
range of fiom 0.1 to 0.25 M may also be used. 

The pH of an electrolyte will depend on the inherently conducting polymer used. 
20 For polypyrrole and derivatives of this polymer, the pH will typically be in a range of 
fiom pH 2 to 7. 

Preferred electrolytes also include ionic liquids (organic salts that are molten at or 
about room temperature) and pardcularly ionic liquids containing polymers. Ionic 
liquids function well as electrolytes ui electrochemical actuator systems and have 
25 excellent environmental and electrochemical stability. Indeed, it has been shown that 
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dramatically inqiioved electromechanical efficiency and lifetime can be achieved when 
ionic liquids are used as the electrolyte in artificial muscle systems based on ICPs and 
that electrochromic windows based on ICPs using ionic liquids as electrolyte can be 
cycled in excess of 1,000.000 times^^^. Exaxnples of ionic liquid electrolytes include 1- 
5 butyl-3-methyl imidazolium hexafluorophosphate (BMI-PP^) and 1 -ethyl-3-methyl 
imadazolium bis(tri£luon>metfaanesulfonyl)amide (EkXLTFSA) and combinations of the 
cations and anions indicated in Scheme 1. 



10 



Scheme 1: Exan^les of Ionic liquid Con:4)onents 
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The invention will now be further described with reference to a number of 
15 examples. 
Example 1 

For the purpose of demonstrating characteristics of electromechanical actuators of 
the invention, a number of actuators were prepared and tested using polypyrrole polymer 
with hexaflourophosphate (JfBs) as a dopant as indicated below. 
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H 



wher^ n «° 2-4, and m = the oumber of tepcat units of the polymer. 
Specifically, the actuators were prq)aied: 

(a) as a strip by electxodq>osition onto a platininn (Pt) plate from a solution 
5 containing 0.06 M pyrrole and O.OS M PPy/PFs in propylene carbonate at a CYOrent 

density of O.IS mA/cm^ 

(b) as a tube but with no helical wire conductor 2 using the method described 
above the reference to Fig. 6 and the solution and electrochemical conditions as for the 
preparation of the strip actuator in (a) above; 

10 (c) as a tube with a helical wire conductor 2 using the mediod described above 
with reference to the Fig. 6 and using the solution and electrochemical conditions as for 
the preparation of the strip actuator as in (a) above. 

The tube configuration results in improved electronic, mechanical and 
electrochemical properties as summarised below in Table 1 . Mean values are shown. 



15 Table 1 : Characteristics of tube actuator compared to flat film actuator 





Tabe (no helix) (PPy/PFc) 


Flat Film (PPy/PFe) 


CondiictiviQr (Scm'') 


170 


85 


Tensile strength (MPa) 


23 


6.0 


Elongation to break (%) 


17 


8.0 


Electrolytic efSciency (%) 


10 


5.0 



The electrochemical efficiency of the tube configuration compared to the flat fihn 
indicates that more of the tube is electrocbemically accessible than the corresponding 
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Strip. However, even with the tube configuration, eohanced electrolytic efficiency and 
actuation was obtained with just one and tbm both ends of the tube connected to the 
short wire inserts 8 and 10 suggesting improved electrical connection with the polymer 
was obtained utilising the wire inserts as indicated in Table 2. 



S Table 2: Characteristics of tube actuators. 





Tube (no helix) 
One end connected 
(PPy/PFfi) 


Tube (no helix) 
Both ends connected 
(PPy/PFfi) 


Electrolytic efficiency (%) 


3.5 


5.0 


Stroke (strain) (%) 


0.23 


0.33 


Stroke rate (%/sec) 


0.48 


r 0.67 



Example 2 

A number of tube actuators of the invention incoiporating helical conductors were 
prepared and the performance of three sanqples is shown in Table 3. 
10 - Resistance of the actuators were measured after locating wire inserts 8 and 10 in 
each emd of the polymer tube^ respectively. 

All the polymer helices were betwem 45 and 55 mm long. 
All polymer helices tested were from the same batch and prepared under a cuirent 
density of 0. 1 S mA/cm^ for 24 hours . 
15 • A platinum (Pt) wire helix was used with a pitch of 25 tums/cm. 

Table 3: Comparison of characteristics between the actuators with helical conductor 
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Pofymer Hdiz 


Itesistaiice (CI)* 


Strain (%) 


Strain Rate (%/$ec) 


Helix 2 


4-8 


0.7 


1.4 


Helix3 


4-8 


0.8 


1.6 


Helix 5 


4-8 


0.8 


1.6 



Jn all cases, the inclusion of the helical wire in the actuator resulted in impioved 
electrochemical and actuator perfonnance* By fonning the conductor wire 2 into a 
heliXy the wire is able to readily extend and contract in length with expansion and 
5 reduction of the volume of the polymer tube. 

Example 3 

The effect of the pitch of the helical wire 2 on actuate perfoimance was 
investigated. The results set out in Table 4 suggests use of low pitch provides better 
perfonnance as indicated by the increase in strain obtained. The increase in strain at 
10 lower pitch is in agreement with the increase in electrochemical efBciency at lower pitch 
as indicated in Fig. 8» 

Table 4: Effects of pitch of helical conductor on strain under dififer^t applied 
frequencies 



strain (%) 


Operating Frequent 


Low Pitched 
(10 tarns/cm) 


High Pitched 
(25 tums/cm) 


10.0 Hz 


0.10 


0.1 


5.0 Hz 


0.28 


0.1 


2.0 Hz 


0.38 


0.2 


1.0 Hz 


0.67 


0.16 


0.5 Hz 


1.0 


0.1 



15 
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Example 4 

An actuator was prepared as described in Bftazqple 1 and illustrated in Fig.6. In 
particular, platinum wire (SO micron) was wound tightly around a 2S0 micron platinum 
wire core traiplate. The platinum wire and teo^late were then cleaned with acetone and 
5 left to dry in air before use as the woiking electrode in electropolymerization. 

Electropolymeri2:ation of PPy/PPF6 was performed using an EG & G Princeton Applied 
Research Model 363 Potentiostat/Galvanostat together with a conventional one 
compartment electrochemical cell and three electrode system. An Ag/Ag+ reference 
electrode and platinum mesh auxiliaxy electrode were used, 

10 All solutions were thoroughly deoxygenated with nitrogen prior to use, A cunent 

density of O.IS mA/cm^ was applied. The polymeriziation solution consisted of 
propylene cazbonate containing 0.06 M pyrrole momomer and O.OS M 
tetrabutylaxnmoniwn hcxafluorophosphate (TBA.PF6). 1% (v/v) HaO was added to 
ensure that the water content was constant The pyrrole, TBA.PF^ and propylene 

15 cazbonate were obtained from Sigma Chemical Co. The pyrrole was distilled before use. 
The cell temperature was controlled at -28''C. Hie polymerisation process was 
maintained for 6 hours and a polymer tube formed around the platinum wire template. 
Following electrodeposition the platinum template was removed* The resulting hollow 
tube with the helical platinum wire conductor embedded in the inner wall was then 

20 washed with propylene carbonate and stored wet 

Electrical connection to the hollow mbe was provided using two shorter platinum 
wires (1-1 .5 cm) inserted into each end of the tube and subsequently glued in position 
with polystyrene hot melt. The electrical contact was checked by measxmng the 
electrical resistance between the two aids. Values of 4 to 8 ohms were typically 

25 obtained. 
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Examples 

The use of the ionic liquids BMI.PF5 and EMI.TFS A as electrolytes for the 
electromechanical actuator prepared in Example 4 was compared with propylene 
carbonate containing O.IM teztiaiy batylammonium hexafluoK^hosphate Cn3A.PF6). 




H3C 

1 

l-butyl-3-methylimidazoliumhexa£louropho$phate (BMLPF^ (ILlJ 



N'(CF3S02)2 

2 

5 l-Ethyl-3-mcthyl imidazolium bis(trifluoromethanesuIfbnyl) amide (EMI.TFSA) (IL21 
Cyclic voltarametry studies were conducted ia a three electrode electrochemical 
cell iismg a platinum wozkmg electrode onto which the PPy/PF6 Gonq>osite bad been 
deposited. A Ag/Ag^ reference electrode and platinum mesh auxiliary electrode were 
used and measurements conducted in the propylene carbonate (TB A.PF6) or ionic liquid 
10 electrolytes. Absorption spectra (250-1 100 nm) were obtamed using a Shimadzu Model 
UV-1601 spectrophotometer and polymer fihns grown galvanostatically (I mA/cm^ for 
3 min) on indium-tin-oxide (ITO) coated 0m. 

Using the propylene carbonate containing TBA.PF6 as electrolyte, degradation in 
the polymer electroactivity was observed if the anodic potential range was extended 
15 beyond +1.30 V. This degradation is attributed to the irreversible "ov» oxidation" 
previously observed for polypyiroles at anodic potentials where the polymer backbone 
becomes susceptible to attack fitom nucleophiles in the electrolyte. When the limit was 



wo 03/043541 



PCT/AU02/01608 



28 

extended to +L55 V (Figure 9) the breakdown was rapid and all electroactivity was lost 
after 6 potential cycles. 

When the polypyxroie was deposited on ITO glass and cycled over the same 
potential range the changes in the UV-visible spectra observed at long wavelengths 
5 (Figure 12) are related to a decreased absoiption due to the bipolarons. The spectral 
changes are consistent with the nucleophilic attack reducing n-<^onjugation length and 
bipolaron activity. The loss of conjugation leads to reduced conductivity and 
electnsactivity. When BMI.PF6 QLl) was used as the electrolyte no such degradation 
was observed over this same potential range (Figure 10). The increased stability was 
10 confirmed when the experiment was repeated on PPy-coated HO glass with no changes 
in (he UV-visible spectra observed. In fact» using BMI.PF6 the potential could be 
scanned to +1 .75 V wifhout any change in the cyclic voltammetry being observed, 

Sinularly> in BMl.TFSA (Figure 11) no degradation of electroactivity was 
observed with a +1.55 V potential limit. With Oiis electrolyte the upper limit could be 
extended to +2.0 V without degradation being observed. Again. UV-visible spectra 
obtained for film deposited on nO glass confirmed that no degradation occurred after 
cycling the potential to those extended anodic regions for S cycles. These results 
indicate a greater degree of polymer stability to potential cycling over extreme limits 
when tiiese very electrochemically stable ionic liquid electrolytes are used. 
Example 6 

Actuation and displacement tests on an electromedianical actuator prq)ared as in 
Example 4 were carried out m each of the electrolytes utilised in Example 5 using two 
different test systems. The displacement test involved the use of a two electrode 
cantilever system as illustrated in Fig,13. Briefly, the system comprises an electrolytic 
cell including a housmg 12 in which the electromechanical actuator 14 is arranged. The 
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platmum wire conductor of the actuator is secured at one end to a pin 16 that is slidable 
relative to the housing upon the application of a voltage to the actuator, the opposite 
end region of the conductor is clamped at the base of the housing and is connected to a 
power source. The housing contains a propylene carbonate electrolyte 18 with tertiary 
5 butylanunoniuiD hexafluoiophosphate TBA.PF$ (0. IM) suirounds the conducting 
polymer of the actuator. A spring 20 is located between the housing and the head of the 
pin for simulating a load of 5.0 grams during actuation of the actuator. An auxiliary 
electrode located in the housing is indicated by the numeral 22. The cantilever 24 for 
indicating displacement achieved by the actuator is connected to the head of the pin. 

10 The amount of displacement was measured firom a video recording of the 

cantilever movement and the strain calculated according to the original length of the 
actuator. A repetitive pulse (SCO mS duration) was applied over a number of potential 
ranges and the maximum strain as well as the average strain rate over the 500 mS period 
deteanined. Specifically, 100 cycles were applied at each pot^al range selected 

IS starting with +1 V and increasing to +5V. The strain data recorded w^e average values 
over the 500 mS period. The electrolytic efficiency was detennined during these 
experiments from current flow. As expected, in all electrolytes the electrolytic 
efficiency^ strain and strain rate increased with increasing magnitude of the applied 
potential (see for example Table 5). — — " 
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Table S - Effect of electrolyte ^ed on electrolytic efficiency and strain obtained. 



liieciioiyie (XBA-PFe) (BMI.PF< (EMLTFSA) 


Applied 
Potential 
(V) 


Electrolytic Max 
Efficiency Strain 
(%) (%) 


Electrolytic Max 
Efficiency Strain 
(%) (%) 


Electrolytic Max 
Efficiency Strain 
(%) (%) 


+/-2 
+/-3 
+/-4 
+/-5 


9.38 0.36 
18.3 0.45 
37.8 0.64 
51.36 0.90 
56.28 1.00 


5.31 0.22 
12.08 0.32 
20.25 0.54 
42.70 0.90 
56.60 1.35 


0.47 0.01 
7.31 0,2 
15.83 0.3 
34,62 0.7 
51.02 1.53 



At most potentials (all except ± SV) there is a higher electrolytic efficiency in 
propylene carbonate TBA.PF6 electrolyte than either ionic liquid clectJrolytCj reflecting 

5 the higher ionic conductivity of the propylene carbonate electrolyte cotap&red with the 
ionic liqxuds. Interestingly, at ± SV the electrolytic efficiencies observed axe 
approximately the same (50-56%) in all electrolytes, yet there is significant differences 
in fhe % strain generated In the ionic liquid electrolytes a higher strain is generated for 
a given charge passed when a large potential is applied. These different characteristics 

10 reflect fundamental differraces in the actuation mechanism of PPy,PF6 in ionic liquids 
compared with fhe propylene carbonate based electrolyte. The results may also be 
affected by Faradaic reactions occuiring in the propylene carbonate electrolyte that do 
not contribute to actuation but still consume charge. 

The actuator was then cycled over several thousand cycles using propylene 

IS carbonate (TBAJPF6) electrolyte. Bach cycle involved application of +SV (IHz)* After 
3,600 cycles the strain recorded decreased to 03% (Figure 14). These e?9erimeots were 
then repeated in BMIPP^ (Figure 14). The strain attamable over several thousand cycles 
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was significantly more consistent in the ionic liquids reflecting the higher 
electrochemical stability of the PPy in these electrolytes. 

Actuator strain data was obtained using a conventionally known beam balance 
anangement^^^^ and strain versus applied potential was plotted* The 
S expansion/contraction of the polymer was recorded using a linear variable distance 
transducer when a +2.5V triangle waveform with a potential scan rate of SO mV/s was 
applied. For HNfl.TFSA this experunent was rq>eated under dififerent loads. The results 
are also illustrated in Fig. 14. 

The direction of actuation was clearly shown to be reversed in the ionic liquids 

10 coixQ)aied with the propylrae carbonate based electrolyte (see Figure I S). These results 
show that the movement of the ionic liquid cation in/out of the polymer at negative 
potentials is the dominant mechanism leading to actuation. Converselyt in the propylene 
carbonate electrolyte it is the anion (P^s) that is induced to move into (positive 
potentials) and out of (negative potentials) the polymer. Even using the larger BML 

IS molecule it is cation movement that predominates and the amount of strain (> 3%) was 
mcreased compared with that observed (2.5%) using the EMI cation. For EMI.TFSA 
this experiment was repeated under load with the strain deo'easing torn 3.0% (no load) 
to 2.5% (6.5 MPa stress £^lied) (see Figure 16). A much higher decrease in strain was 
observed when a propylene carbonate based electrolyte was used from 2.5% (no load) to 

20 0.5% at 2.5 MPa. 

Further evidence that the cation motion dominates the actuation mechanism can be 
observed from the contrast in the maximum strain obtained form the two ionic liquids 
under conditions of rapid testing (such as cycling shown in Figure 14) as compared with 
a slower potential scan (Figure 15). In die latter experiment^ the BMUF6 ionic liquid 

25 shows significantly larger strains at negative potentials as compared with EKa.TFSA 
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and a greater positive potential is required to complete the charge/dischiarge cycle with 
the BMI containing system. Given the relative size of BMI and EMI, the latter is 
considerably smaller and may be incoiporated more rapidly into the polypyrrole, 
whereas BNQ ultimately shows a larger response (due to its larger size) but achieves this 
5 response more slowly. It is also noted fhe BMI^TPSA ionic liquid maintains a higher 
strain% than the other electrolyte systems. The TFSA containing electrolyte is 
inherently more environmentally stable than those containing the V?s anion. 

Another^ unique, feature of actuation in ionic Uqmds compared to other electrolytes is 
the absence, of osmotic effects. In ionic hquids there is no solvent present so osmosis 

10 does not occur. Interestingly, the strain anq)Utud6» under equivalent conditions, is 
slightly higher for ionic liquid electrolytes (where osmosis is absent) compared with 
TBA.PF6 in propylene carbonate (v/bere osmosis is expected). 

From the above results, ionic liquids therefore provide an alternative electrolyte 
for electromechanical actuators. The wide electrochemical potential window provides 

15 an added degree of stability enabling many thousands of actuator cycles* In addition, an 
unexpected result has been obtained in terms of actuator mechanism where cation 
inclusion/expulsion predominates in determining the mode of actuation. The actuator 
perfomiance in ternis of strain under load and cycle life time, was significantly improved 
in the ionic liquid electrolytes compared with the conventional propylene carbonate 

20 based organic electrolyte used. 

Although the present invention has been described h^einbefore with reference to a 
number of preferred embodiments, the skilled addressee will understand that numerous 
modifications and improvements are possible without departing fiom the scope of the 
invention. 

25 
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CLAIMS 

1 . An electromechanical actuator for effecting a desired action, comprising: 

a conducting polymer and a conductor for conducting voltage along the 
polymer fiom one end region of the polymer to an opposite end region of the polymer; 
5 wherein the conductor is adapted for extending and retracting with expansion and 

contraction of the polymer^ and extends along the polymer fiom the one end region to 
the opposite end region. 

2. An electromechanical actuator according to claim 1 wherein the conductor is in 
intimate electrical contact along the polymer fiom the one end region of the polymer to 

10 the opposite end region. 

3 . An electromechanical actuator according to claim 1 or 2 wherein the conductor is 
embedded in the polymer. 

4. An electromechanical actuator according to any one of claims 1 to 3 wherein the 
conductor is wound in a helix along the polymer for conducting the voltage along the 

1 5 polymer fiom the one end region of the polymer to the opposite end region. 

5. An electromechanical actuator according to any one of claims 1 to 3 wherein the 
conductor is ananged in a concertina pattem along the polymer for extension and 
retraction with the polymer. 

6. An electramechanical actuator according to any one of claiins 1 to S further 
20 comprising a template received by the polymer and wherein the polymer is slidable 

along the template wi& expansion and contraction of the polymer. 

7. An electromechanical actuator according to claim 6 wherein one end region of the 
conductor is in electrical contact with one end region of the template and an opposite 
end region of the conductor is in electrical contact wiA a corresponding end region of 

25 the template. 
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8. An electromechanical actuator according to claim 6 or 7 wherein the template 
comprises a further conductor. 

9. An electromechanical actuator according to any one of claims 1 to 8 wherein the 
conducting polymer is in the fonn of a tube. 

5 10» An elecbromechnical actuator according to any one of claims 1 to 8 fut&er 
comprising an electrical connector for facilitating connection of the conductor to an 
electrical circuit and being connected to one end region of the condactor. 

11. An electromechanical actuator according to claim 10 compiisiag a further 
electrical connector for facilitating connection of the conductor to the electrical drcuit 

10 and being comiected to an opposite end region of the conductor. 

12. An eleclromechmcal actuator according to any one of claims 1 to 11 wherein the 
polymer is selected fiom the group consisting of polyaniline, polypynoIe» 
polythiophene, derivatives thereof, and mixtures of the foregoing. 

13. An electromechanical actuator according to claim 1 2 wherein the derivatives are 
15 selected fi:om alkyl^ alkoxy, amine and alcohol derivatives. 

14. An electromechanical actuator according to any one of claims 1 to 13 further 
comprising an ionic liquid electrolyte. 

1 5. An electromechanical actuator according to claim 14 wherein the ionic liquid is 
selected from l-eihyl-3-meithyl imidazolium bis(trifluoromethanesulfonyl) amide and 1- 

20 butyl-3-methyIimidazolium hexailuorophosphate. 

16. An electromedianical actuator according to any one of claims 1 to IS wherein the 
conductor is a metal conductor. 

17. An electromechanical actuator according to any one of claims 1 to 16 wherein the 
conductor is a wire. 

23 18. An electromechanical actuator for effecting a desired action, comprising: 
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an outer actuator comprising a tubular conducting polymer having a hoUow 
interior; 

an inner actuator comprising a further conducting polymer; and 
an electrolyte in a space defined betctreen the inner actuator and the outer actuator; 
5 wherein the inner actuator i$ arranged within the outer actuator and lies along the 

hollow interior of the outer actuator for axial expansion and contraction wifliin the outer 
actuator. 

19. An electromechanical actuator according to claim 18 wherein the inner actuator is 
arranged within the outer actuator for axial expansion and contraction of the fbrth^ 

10 polymer with axial expansion or contraction of the tubular conducting polymer. 

20. An electromechanical actuator according to claim 18 or 19 wherein the inner 
actuator is axtanged within die outer actuator for axial expansion and contraction in 
opposition to axial e3q[>an$ion and contraction of tubular conducting polymer. 

21 . An electromechanical actuator according to any one of ckdma 18 to 20 wherein at 
15 least one of the inner actuator and the outer actuator further comprises a conductor for 

conducting voltage along either the further polymer or the tubular conducting polymer of 
the actuator to which the conductor corresponds from one end region thereof to an 
opposite end region thereof, and wherein the conductor is adapted for axially extending 
and retracting. 

20 22. An electromechanical actuator according to claim 21 wherein the inner actuator 
incorporates a said conductor for conducting voltage along the fiuther polymer from one 
end region of fbe fiirther polymer to an opposite end region of the fintiier polymer, and 
wherein the conductor is ad^ted for axially extending and retracting with the axial 
expansion and contraction of the ftuther polymer. 
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23. An electromechanical actuator according to claim 22 wherein the conductor is in 
intimate electrical contact along the further polymer fiom the one end region to the 
opposite end region. 

24. An electromechanical actuator according to 22 or 23 wherein the conductor is 
S embedded in the further polymer. 

25. An electromechanical actuator according to any one of claims 22 to 24 wherein the 
conductor is wound in a helix along the finther polymer for conducting the voltage along 
the further polymer from the one end region of the polymer to the opposite end region. 

26. An electromechanical actuator according to any one of claims 1 8 to 25 wherein the 
10 further conducting polymer is m tubular form, 

27. An electromechanical actuator according to any one of claims 1 8 to 26 wherein the 
tubular conducting polymer and the further conducting polymer are the same or 
different 

28. An dectromechanical actuator according to claim 27 wherein the fiirtfaer 

15 conducting polymer is selected fiom the group consisting of polyaniline, polypynole, 
polythiophene, derivatives thereof^ and mixtures of the foregoing. 

29. An electromechanical actuator according to any one of claims 18 to 28 wherein the 
electrolyte is an ionic liquid electrolyte. 

30. An electromechanical actuator according to claim 29 wherein the ionic liquid 
20 electrolyte con^rises an ionic liquid selected fix>m the group consisting of l-ethyl-3- 

methyl imidazoliumbis(trifiuoromethanesuifonyl) amide and l-butyl-3- 
metbylimida2oIium hexafluorophosphate. 

31. A method of providing an electromechanical actuator for effecting a desired 
action, comprising: 
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ananging a conductor for conducting voltage along a conducting poljmer firom 
one end region of tiie polymer to an opposite md region of the polymer and so that tihe 
conductor extends along the polymer from the one end region to the opposite end region 
for axially extending and contracting with expansion and contraction of the polymer. 
5 32. A method according to claim 3 1 fbitiier comprising embedding the conductor in 
the polymer. 

33. A method according to claim 3 1 wherein the arranging of the conductor comprises 
winding the conductor around a template to form a helix along the template. 

34. A method according to claim 33 wherein the helix has a pitch of about 10 turns 
10 cm*^ or greater. 

35. A method according to claim 33 or 34 further comprising coating the conductor 
and ttie template with the polymer such that the conductor is embedded in the polymer. 

36. A method according to claim 35 wherein the coating comprises electrodepositing 
the polymer onto the conductor and the template. 

15 37. A method according to claim 32 wherein embedding the conductor in the polymer 
comprises coating the conductor with the polymer by electrodepositing the polymer onto 
the conductor. 

38. A method according to any one of claims 33 to 36 further comprising removing 
the template leaving a tube of the polymer in which ttie conductor is embedded. 
20 39. A method according to any one of claims 31 to 38 fbrther comprising connecting 
an electrical connector to one end of the conductor for facilitating connection of the 
conductor to an electrical circuit 

40. A method according to claim 39 further comprising coimecting anoAer electrical 
connector to an opposite end of the conductor 
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41 . A method according to claim 39 or 40 comprismg winding the conductor about the 
or each electrical conductor to thereby connect the conductor to the or each electrical 
connector. 

42. A method according to any one of claixiis 39 to 41 furth^ comprising bonding the 
5 conductor to the or each electrical connector wifli glue. 

43. A method according to any one of claims 31 to 39 wherein the polymer is selected 
horn the group consisting of polyaniline, polypyrrole^ polytbiphene, derivatives thereof 
and mixtures of the foregoing. 

44. A mediod according to claim 43 wherein the dmvatives are selected fix>m alkyl, 
10 alkoxy, amine and alcohol derivatives. 

45. A method according to any one of claims 3 1 to 44 wherein the conductor is a 
metal conductor. 

46. A method according to any one of claims 3 1 to 45 wherein the conductor is a wire. 

47. An electrochemical actuator for effecting a desired action, comprising a tube of 
IS conducting polymer having a longitudinal passageway for receiving an electrolyte. 

48. An electrochemical actuator according to claim 47 wherein the longitudinal 
passageway is a through passageway extending along the tube fiom one end region of 
the tube to an opposite end region of the tube. 

49« An electrochemical actuator accozding to claim 48 fhrther comprising an electrical 
20 connector in electrical contact with the one end region of the tube for facilitating 
connection of the polymer to an electrical circuit. 

SO. An electrochemical actuator according to claim 49 comprising a further electrical 
coxmector in electrical contact with tiie opposite end region of the tube. 
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51. An electrochemical actuator according to any one of claims 47 to SO wherein the 
polymer is selected from the group consisting of polyaniline, polypyrrole, 
polythiophene, derivatives thereof, and mixtures of the foregoing* 

52. An electrochemical actuator according to claim S 1 wherein the derivatives are 
5 selected firom alkyl^ alkoxy, ainine and alcohol derivatives. 

53. A method or providing an electrochemical actuator for effecting a desired action, 
comprising: 

coating a template with a conducting polymer, and 
removing the template to provide a tube of the polymer having a longitudinal 
10 passageway for receiving an electrolyte. 

54. A method according to claim 53 wherein the longitudinal passageway is a through 
passageway extending along the tube from one end region of the tube to an opposite end 
region of the tube. 

55. A method according to claim S3 or 54 further comprising connecting an electrical 
IS connector to the one end region of the tube for ftcilitating connection of the polymer to 

an electrical circuit 

56. A method according to claim 55 further conq>rising connecting a fiulh^ eleclrical . 
connector to the opposite end region of the tube. 

57. A method according to any one of claims S3 to 56 wherein the polymer is selected 
20 from the group consisting of polyaniline, polypyrrole, polythiophene, derivatives 

thereof, and mixtures of the foregoing. 

58. A method according to claim 57 wherein the derivatives are selected from alkyl» 
alkoxy, amine and alcohol derivatives of polyaniline» polypyirole and polythiophene. 

59. A device incoiporating an electromechanical actuator according to any one of 
25 claims 1 to 30 or 48 to 52. 
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